In this paper, we examine the properties of two series of hole transport materials.
Introduction
Research on organic light emitting diodes (LEDs) has attracted considerable attention since Tang and VanSlyke first reported an organic LED with high luminance (1000 cd/m2) and low driving voltage (under 10 V)'''). They fabricated a double layer device which is composed of a hole transport layer used for the transport of holes and an emitting layer used for both the transport of electrons and the emission of light. It has been reported that triphenylamine derivatives are very useful as hole transport materials for organic . N ,N'-diphenyl-N ,N'-(3-methylpheny1)-1,1'-bipheny1-4,4'-diamine (TPD) is one of the best compounds in the class of triphenylamine derivatives. However, TPD readily crystallizes during operation because of Joule's heat generated by electric resistance").
It is well known that the morphological change of an amorphous film begins occurring at around glass transition Received June 30, 1999 * Tsukuba Research Laboratories, Toyo Ink Mfg. Co., Ltd. 27, Wadai, Tsukuba, Ibaraki 300-4247, Japan temperature (Tg). Therefore, a material which has high Tg is necessary for the thermal stability of the organic LED. In addition, the material should possess a suitable ionization potential (Ip) and electron affinity in order to match the energy levels at the interfaces between the electrode and the organic material in the charge carriers injection process.
In the present study, we investigated the properties of two series of hole transport materials, FTPDs and OTPACs.
FTPDs are expected to have high glass transition temperatures because of the rigid fluorene moiety").
FTPDs with various Ips can be designed by changing the substituents on the phenyl rings, according to Hammett's law"). The OTPACs are the oligomers of triphenylamines connected through cyclohexanes or methylcyclohexanes.
These structures are presumed to have high glass transition temperatures and to be morphologically stable.
The physical properties and the characteristics of the double layer organic LEDs based on FTPDs and OTPACs were evaluated in detail.
Experimental
All organic materials were synthesized and purified in our laboratory.
The FTPDs (Fig.  1) were synthesized by the Ullmann reaction of 9,9-bis(4-aminophenyl)fluorene with iodobenzene derivatives, and recrystallized from acetic acid or acetonitrile / methanol solution.
OTPACs were synthesized by reaction of triphenylamine derivatives with cyclohexanone or methylcyclohexanone in the presence of methanesulfonic acid at 100°C for 20 hours in glacial acetic acid under a nitrogen atmosphere. Tris(8-quinolinolato) aluminum complex (Alq3) was synthesized by the conventional method"). FTPDs and Alq3 were purified using a train-sublimation technique. Molecular weights of OTPACs were measured by FD-MS using a HITACHI M2000.
Thermal properties were determined with differential scanning calorimetry (DSC) using a TA Instruments DSC2910 thermal analyzer. The ionization potentials were measured using a Riken Keiki AC-1 photoelectron emission spectrometer in dry air at room temperature.
The energy gap was estimated from the lower energy threshold of the electronic absorption spectrum. Electronic absorption spectra were measured using a Hitachi U-3500 spectrophotometer. Oxidation potentials were measured with conventional cyclic voltammetry in a mixture of CH3C1 : CH3CN (v/v=1 : 4) containing 0.1 mol/dm3 tetrabutylammonium perchlorate.
The organic light emitting diode devices were fabricated using a vacuum deposition technique. The 01 device fabrication using a dip coating method was also tried with a 1 wt% chloroform solution and a 100 mm/min drawing rate. The device structure was : anode / hole transport layer (HTL) / Alq3
(emitting layer) / cathode, where FTPDs and OTPACs were used as an HTL. The organic materials were coated onto an ITO coated glass substrate, and an Mg : Ag alloy (10 : 1, atomic ratio) layer was deposited on an Alq3 layer by simultaneous evaporation to form the Each device was confirmed to emit green luminescence, and the emission maximum wavelength was 510 nm. The luminescence originates from the excited singlet state of Alq3, the state which is generated through the recombination of holes and electrons. Fig. 2 The dependence of the voltage for lcd/m2 (U) and the luminance at 8V (0) on the ionization potential for the double layer organic LEDs with FTPDs.
Effects of Hole Transport Layers on the Characteristics of Organic Light Emitting Diodes T17 assumed that the electron block ability of the HTL might be different for each OTPAC and it affected the performance of the LED. However, the LUMO level of each OTPAC estimated from the energy gap was almost equal (Table 3) , and thus the electron block ability on the energy level should be similar.
As another factor, the morphological character of the HTLs was considered. We tried to fabricate the device with 01 using the dip coating method because the morphological character of the film would be different from that obtained from the vacuum deposition technique.
The characteristics of the device are shown in Table 4 . Although the applied voltage for 1 cd/m2 and the luminance at 8 V were inferior to the device fabricated using the vacuum deposition technique, the maximum luminance and the luminous efficiency showed higher values. Since the morphological character of the HTLs changed according to the method used to fabricate the devices, the characteristics of the devices were also different. Although experimental confirmation is needed, there is the possibility that the molecular weight distribution of the film may be different for these two devices and that this difference affects the morphology of the film, because OTPACs are the compounds which are the mixtures of trimer to hexamer. From these results, we conclude that the morphological character of the HTLs may be an important factor affecting the performance of the LEDs in the case of the OTPACs.
Conclusion
We studied the properties of two series of hole transport materials, FTPDs and OTPACs.
The FTPDs having various Ips could be designed by using Hammett's law. The driving voltages of the double layer LEDs with FTPDs increased with increasing Ip. This effect is attributed to the energy barrier of the hole injection from ITO to HTL. The Table 3 Glass transition temperatures, oxidation potentials, ionization potentials, energy gaps, and lowest unoccupied molecular orbital (LUMO) levels of the OTPACs 
